The effect of the notch sharpening on the fracture toughness obtained under linear elastic fracture mechanics has been analyzed in an amorphous polycarbonate. The samples for fracture characterization were sharpened via the traditional contact steel razor blade technique and the noncontact femtosecond laser ablation technique. The values of the fracture toughness of the specimens sharpened through femtosecond laser ablation were lower than those measured on samples sharpened using a steel razor blade. Moreover, the former was in plane strain state, but the latter did not verify the size criterion. The damage produced ahead of the crack tip through plastic deformation in the steel razor blade sharpened samples over the lack of damage in the femtolaser sharpened specimens explains the differences in the fracture toughness. It has been proven that there is a relationship between the plastic deformation at the crack front and the stress state. This has been assessed through the application of a fracture criterion for dissipative systems with small scale yielding.
Introduction
The influence of crack sharpness on the fracture toughness values of polymeric materials has recently caught the attention of the scientific community. Several works have appeared in the literature highlighting the role of the notch sharpening technique on the fracture parameters of either semicrystalline heterogeneous polymeric materials such as ethylene-propylene block copolymers [1] [2] [3] or amorphous polymers such as polycarbonate [4] . In all these studies, the values of the fracture toughness obtained using different approaches were determined from samples sharpened via two procedures: a noncontact technique based on the femtosecond laser ablation (femtolaser) and the traditional contact technique using a razor blade. Interestingly, both sharpening techniques resulted in similar initial crack tip radii for these polymers, and the fracture toughness determined from the samples sharpened via the femtolaser showed lower values than those obtained from the specimens sharpened via the traditional razor blade technique independently of the material under study. These differences reached in the copolymer values up to 11%, 75%, and 90% when the crack growth initiation parameters were computed under linear elastic fracture mechanics (LEFM), elastic-plastic fracture mechanics (EPFM) and Post-Yielding Fracture Mechanics (PYFM) conditions, respectively, [3] and radical changes in the J-R curves obtained under EPFM approximation in the polycarbonate [4] . The reason is that the femtosecond pulsed laser ablation is characterized by very rapid creation of vapor and plasma phases, negligible heat conduction, and the absence of liquid phase preventing melting and thermal deformations of the surrounding area [5] . However, the specimens sharpened using the razor blade always showed damage ahead of the crack tip in the form of plastic deformation which seems to be the reason of the higher fracture toughness values. Moreover, the abrupt differences between the fracture toughness values, especially under EPFM [3, 4] and PYFM [3] obtained from samples sharpened via different techniques 2 Indian Journal of Materials Science seem to indicate that there is a relationship between the notching procedure and the stress.
In the light of the previous results, the aim of the present work is to analyze more deeply the possible relationship between sharpening technique and the stress state developed ahead of the crack tip during the fracture process. For that, the fracture toughness under LEFM will be determined in an amorphous polymer such as polycarbonate. The fracture specimens will be sharpened via the traditional razor blade procedure and the femtolaser technique. The results will be analyzed with the help of the fracture criterion for dissipative systems with small-scale yielding behavior occurring under LEFM conditions [6] .
Materials and Methods
The material under study is an amorphous polycarbonate sheet, PC, supplied by Nudec. The glass transition temperature was 163 ∘ C. Five tensile specimens were tested at 23 ∘ C and at a crosshead speed of 1 mm/min following the ISO527 standard guidelines. The corresponding mean values together with the standard deviations of the Young's modulus and the yield stress were = 1.94±0.02 GPa and = 60.3±0.1 MPa, respectively.
At least, five valid fracture tests were carried out on single edge notch bend specimens with 5 × 10 × 44 mm in size. An initial straight-through slot with a length to width ratio of 0.5 and terminating in a V-notch with 0.15 mm in root radius was machined. The notch was sharpened via two procedures as follows.
S-Type. It consists of sliding a fresh steel razor blade across the root of the V-notch following the guidelines described by ESIS [7] .
F-Type. The sharpening is produced through Femtolaser [5] , using a commercial Ti: sapphire oscillator (Tsunami, Spectra Physics) plus a regenerative amplifier system (Spitfire, Spectra Physics) based on chirped pulse amplification (CPA) technique. Linearly polarized 120-fs pulses at 395 nm with a repetition rate of 1 kHz were produced. The scanning speed was 130 m/s. Four passes were carried out with a pulse energy of 0.008 mJ. The sharp length inserted by the femtolaser was 500 m.
The total initial crack depth, 0 , to width ratio after sharpening was 0.55.
The morphology and dimensions of the crack tip after sharpening and the area behind it of the nontested specimens as well as the morphology of the fracture surfaces were analyzed via scanning electron microscopy (Hitachi S-3400N).
The fracture tests were carried out at room temperature and under displacement control at a cross-head speed of 1 mm/min, using a three-point bending fixture with a loading span to width ratio of 4 mounted on an electromechanical testing machine (MTS Alliance RF/100). The applied load was measured with a load cell of ±5 kN. The mechanical response of the PC at room temperature is linear and elastic till fracture, so the ESIS TC4 protocol entitled " and at slow speeds for polymers" [7] was followed to determine the fracture toughness, IC . The size requirement for plain strain IC is given by
where is the thickness and is the width of the specimen. Table 1 shows the fracture toughness, IC , and the critical energy release rate, IC , of S-Type and F-Type specimens. Firstly, both the IC and IC values of the F-Type samples are lower than those from the S-Type specimens, reaching differences of up to 37%. It is worth noting that the fracture toughness values obtained from S-Type specimens are analogous to those found in the literature [6] . Secondly and attending to (1) , the values of the F-Type samples are in plane strain state but those determined from the S-Type specimens do not verify the size criterion. The inspection of the crack tip front of the nontested specimens after sharpening revealed the reason of these differences. Figures 1 and 2 display the appearance of the crack tip and the zone ahead of it for F-Type and S-Type sharpened samples, respectively. The crack tip has been marked with an arrow. Both sharpening techniques provided similar crack tip radii; more accurately, the F-Type specimens presented crack tip radii of 1 m while the S-Type samples of 1.5 m. However, there is a damage area ahead of the crack tip in the S-type samples (outlined with dots) (Figure 2(a) ) which was not observed in the F-Type samples (Figure 1 ). This zone ahead of the crack tip in the S-Type sharpened samples revealed the presence of plastic deformation caused during the notch sharpening (Figure 2(b) ). Quantitative analysis of the damage area at the surface of the virgin specimens provided zones ahead of the crack tip with lengths of 100 ± 20 m. The stresses generated when sliding along the notch root with the steel blade may have surpassed the yield stress locally, giving rise to local plastic deformation. In contrast with the S-Type sharpened samples, the F-Type sharpened specimens were characterized by complete absence of damage (Figure 1(b) ).
Results

Discussion
Attending to the previous results, there seems to be a relationship between the stress state and the influence of the notch sharpening technique. The plastic zone size to specimen thickness ratio is very much associated with the stress state. In order to assess this, the fracture criterion for dissipative systems with small scale yielding was applied [6] . As first approximation, the plastic deformation developed distribution across the crack front [6] .
ahead of the crack tip just prior to the fracture process gives rise to a distribution across the crack front as shown in Figure 3 .
Assuming a bimodal distribution with plane stress 2 fracture toughness over the surface zones and plane strain 1 fracture toughness in the centre area, the measured fracture toughness can be attained through the expression
or in terms of energy
Identifying 1 and 1 with the fracture toughness and fracture resistance determined from the F-Type samples and and with those obtained from the S-Type specimens, the plane stress fracture values, 2 and 2 , can be computed via (2) and (3) ( Table 2) . Interestingly, the plane stress fracture resistance, 2 , is analogous to the fracture values obtained in PC films through the essential work of fracture methodology [8, 9] . 
Conclusions
The fracture toughness of the polycarbonate is strongly dependent on the sharpening notch technique. The specimens sharpened using the traditional razor blade technique presented damage in the form of plastic deformation ahead of the crack tip which led to higher values of the fracture toughness in comparison with those obtained from specimens sharpened via the noncontact femtolaser procedure. Moreover, the fracture toughness values determined from the femolaser were in plane strain state but not the razor blade sharpened samples. This evidences that there is a relationship between the plastic deformation generated during the sharpening procedure and the stress state.
